aBStRaCt: This paper aimed to summarize published responses to treatment of cattle diets with exogenous fibrolytic enzymes (EFE), to discuss reasons for variable EFE efficacy in animal trials, to recommend strategies for improving enzyme testing and EFE efficacy in ruminant diets, and to identify proteomic differences between effective and ineffective EFE. A meta-analysis of 20 dairy cow studies with 30 experiments revealed that only a few increased lactational performance and the response was inconsistent. This variability is attributable to several enzyme, feed, animal, and management factors that were discussed in this paper. The variability reflects our limited understanding of the synergistic and sequential interactions between exogenous glycosyl hydrolases, autochthonous ruminal microbes, and endogenous fibrolytic enzymes that are necessary to optimize ruminal fiber digestion. An added complication is that many of the standard methods of assaying EFE activities may over-or underestimate their potential effects because they are based on pure substrate saccharification and do not simulate ruminal conditions. Our recent evaluation of 18 commercial EFE showed that 78 and 83% of them exhibited optimal endoglucanase and xylanase activities, respectively, at 50°C, and 77 and 61% had optimal activities at pH 4 to 5, respectively, indicating that most would likely act suboptimally in the rumen. Of the many fibrolytic activities that act synergistically to degrade forage fiber, the few usually assayed, typically endoglucanase and xylanase, cannot hydrolyze the recalcitrant phenolic acid-lignin linkages that are the main constraints to ruminal fiber degradation. These factors highlight the futility of random addition of EFE to diets. This paper discusses reasons for the variable animal responses to dietary addition of fibrolytic enzymes, advances explanations for the inconsistency, suggests a strategy to improve enzyme efficacy in ruminant diets, and describes differences among the proteomes of effective and ineffective EFE.
treatment of cattle diets with EFE, to discuss reasons for the variable efficacy in animal trials, to use proteomics to understand differences between ineffective and effective EFE, and to recommend strategies for improving EFE efficacy in ruminant diets.
mEta-anaLySiS
A meta-analysis was conducted to summarize the results of adding EFE to diets of lactating dairy cows (A. T. Adesogan, K. G. Arriola, and M. Giurcanu, University of Florida, personal communication). The study evaluated data from 20 studies and 30 experiments. Due to the variability in the main activities in the EFE used in animal nutrition, it was considered inappropriate to determine an overall effect of EFE application on performance measures. Rather, effects of the predominant EFE activities listed by the authors of the studies on performance measures were determined. Treatments were the factorial combination of the application method (to the forage, concentrate, or total mixed ration [tmR] ) and the interaction of the application rate and the predominant EFE activities listed by the authors. The latter included cellulase-xylanase, amylase, cellulase-xylanase-amylase, cellulase-glucose oxidase-Lactobacillus, cellulase-glucose-oxidase-Lactobacillus-amylase, ferulic acid esterase, cellulase-ferulic acid esterase, xylanase-endoglucanase-exoglucanase, and endoglucanase-xylanase, and protease. Enzyme cocktails containing nonfibrolytic activities (i.e., amylase and protease) or Lactobacillus (i.e., Lactobacillus plantarum and Pediococcus acidilactici) were included because only a few studies met the criteria for inclusion. Dry matter intake was increased (P < 0.05) by amylase, cellulase-xylanase, cellulase-xylanase-amylase, and ferulic acid esterase (Table 1) , whereas milk yield and feed efficiency were only increased (P < 0.05) by cellulase-xylanase and endoglucanase-xylanase, respectfully. Therefore, only a few EFE increased animal performance. This agrees with reviews that concluded that effects of EFE on the performance of cattle are equivocal Adesogan, 2005) .
Reasons for Equivocal Responses to Exogenous Fibrolytic Enzyme Treatment
The following is a nonexhaustive list of reasons for the inconsistent response to EFE application.
Using Cows at the Wrong Stage of Lactation. Some of the studies involved cows in mid or late lactation. Enzyme studies should be started in early lactation when detection of enzyme effects is more likely due to the greater energy needs of the cow. Schingoethe et al. (1999) compared the milk production response to dietary EFE application by cows less than or greater than 100 d in milk (Dim). The EFE increased milk production by 10% in cows less than 100 DIM but had no effect on those greater than 100 DIM.
Using Inappropriate Experimental Designs and/or Durations. Two studies involving either a 10-wk continuous design (Holtshausen et al., 2011) or a 3 × 3 Latin square design with 21-d periods (Chung et al., 2012) were conducted by the same researchers at Agriculture and Agrifood, Lethbridge, Canada, with the same diet, EFE, and EFE batch. Enzyme treatment decreased DMI and increased feed efficiency in the former study but had no effect on performance in the latter study. Therefore, short period changeover designs are not appropriate to measure performance responses to EFE treatment. Also, milk production may be unaffected until EFE-treated diets are fed for at least 3 wk (Schingoethe et al., 1999; Romero, 2013) .
Inappropriate Choice of Enzymes. Some EFE were developed for other applications such as textiles, food, nonruminant diets, or paper. Therefore, such EFE often lack sufficient potency and specificity for improving the use of fibrous ruminant feeds. In particular, the pH and temperature optima of such EFE often differ considerably from those of the rumen. We recently compared the endoglucanase (Enzyme Commission [EC] 3.2.1.4) and xylanase (EC 3.2.1.8) activities of 18 EFE from 5 companies at pH 3, 4, 5, 6, and 7 under constant temperature (39°C; Fig. 1A ) or at 20, 30, 40, and 50°C under a constant pH of 6 ( Fig. 1B ; Arriola et al., 2011b) . Exactly 78 and 83% of the 18 EFE exhibited optimal endoglucanase and xylanase activities at 50°C, and 77 and 61% had optimal activity at pH 4 to 5, respectively. Hence, most would exhibit suboptimal activity under ruminal conditions. Vicini et al. (2003) conducted what is among the most comprehensive published tests of the efficacy of the same EFE in cows. They examined effects of dietary application of 2 EFE in trials involving 257 dairy cows at 4 sites in the United States and 122 cows at 1 site in the United Kingdom. Both EFE had no effects on lactational performance and this was partly attributed to the fact that neither exhibited optimal activity under ruminal conditions. Rather, as in our study, the optimal activities occurred at pH 4 to 5 and 50°C. Stability of EFE at the optimal pH is also important, as noted by Colombatto et al. (2004) . We recently discovered that over 90% of the endoglucanase activity of the 18 EFE was lost within 24 h of incubation under ruminal conditions. Trichoderma reesei (anamorph of Hypocrea jecorina) is the benchmark organism for cellulase production and the most commonly used commercial source of cellulases (Paloheimo et al., 2011; Glass et al., 2013) , likely due to its ability to produce large quantities of cellulases and hemicellulases and to efficiently degrade cellulose. However, it exhibits maximum cellulose degradation efficiency at pH 5 (Adav et al., 2011; Glass et al., 2013) ; therefore, alternative microorganisms that secrete copious quantities of cellulase with high degradation efficiency under ruminal conditions are needed. Most microbial xylanases also act at mesophilic temperatures (i.e., 40 to 60°C) and at pH 4 to 6 (Paloheimo et al., 2011) , indicating many would not be ideal for optimizing ruminal fiber degradation.
Most of the classical fibrolytic enzyme activity assays are conducted under conditions (i.e., pH 4 to 5 and 50°C; Ghose, 1987) that optimize enzyme activity but differ from those in the rumen. Yet the studies described above reveal that this approach will overestimate the ruminal hydrolytic potential of most EFE. To optimize their effects, such EFE should be added to feeds during ensiling or storage at low pH (i.e., 4 to 5) ideally in relatively hot conditions (i.e., approximately 50°C). However, if such EFE are added to silage, the sugars produced may be fermented to VFA, thereby reducing the supply of fermentable ME from the silage. Therefore, research efforts should be devoted to discovering novel, potent, and stable EFE or engineering those already in existence to exhibit and maintain optimal activity in the rumen.
Inadequate Statistical Power. Some of the published EFE studies contained insufficient statistical power to detect treatment effects. Adequate power is particularly important when examining biological additives because the response is sometimes small, although positive.
Inappropriate Testing and Use of Exogenous Fibrolytic Enzyme Activity. Cellulase activity characterization poses unique problems rarely encountered with other enzymes because natural cellulose is both insoluble and structurally variable and therefore relatively undefined with respect to concentration and chemical . Exactly 78 and 83% of the 18 EFE exhibited optimal endoglucanase and xylanase activities at 50°C, and 77 and 61% had optimal activity at pH 4 to 5, respectively.
form (Ghose, 1987) . In addition, cellulose hydrolysis involves a multitude of endo-and exoglucanases acting in synergy and in a complex manner still poorly understood involving a variety of products and transglycosylation species with various mechanisms of feedback control (Ghose, 1987) . Furthermore, most of the substrates used for the classical fibrolytic enzyme activity are unlike the forages and/or diets to which EFE are applied. Hence, it is not surprising that such activities produced moderate (R 2 ≤ 0.56; corn silage; Eun and Beauchemin, 2008) to poor (R 2 ≤ 0.06; bermudagrass silage; Romero et al., 2011a) predictions of NDF digestibility (nDFD), which is a key predictor of dairy cow intake and performance (Jung and Allen, 1995; Oba and Allen, 2000) . Lack of standardization of cellulase and xylanase activity assays and expression of the results with different units have also hindered progress in this field. The assays recommended by Colombatto and Beauchemin (2003) should be used to standardize testing of EFE activity.
Imprecise Enzyme Designations. Commercial EFE used in the ruminant feed industry are typically crude or semipurified extracts containing several different enzyme activities. Usually, only the main activity is displayed on the product label and, in most cases, this is the cellulase activity. The term "cellulase" is often used on such labels and in animal nutrition parlance in general as if it refers to a single enzyme activity. Yet "cellulase" is a generic term that connotes any of several enzymes that can hydrolyze cellulose but these typically differ in structure, source, and function. In fact, searching for "cellulose" on BRENDA, the comprehensive enzyme database system (www.brenda-enzymes.org), returns 64 entries. Certain enzymes such as β-glucosidase or cellobiose phosphorylase are required for cellobiose metabolism and enhancing cellulose hydrolysis, respectively, but are not really cellulases, further complicating the picture (Ghose, 1987) . Consequently, although technically correct, referring to the cellulase activity of an enzyme preparation is an imprecise designation, and continued use of the term will stifle advances in developing the most potent enzymes for enhancing fiber degradation and animal performance. It is more precise to refer to the International Union of Biochemistry enzyme designation (Bairoch, 2000) , for example, endoglucanase, the EC number, and the glycoside hydrolase family (GH e ). The EC number is based on the type of reaction catalyzed by the enzyme; for example, the main constituents of EFE are hydrolases. Initially, the International Union of Biochemistry and Molecular Biology named GH e based on their substrate specificity substrate specificity and occasionally on molecular mechanism, but as shown on the CAZy website (www.cazy.org), some classified GH e into clans based on the folding of the proteins and amino acid sequence similarities.
Endoglucanase activity (EC 3.2.1.4) is present in several GH e families including 5, 6, 7, 8, 9, 26, 44, 45, 48, 51, 74, and 124 (Lombard et al., 2013) . As noted in the literature review of Knutt (2006) , the following endoglucanases are present in the secretome of T. reesei: 1) endoglucanase I (GH e 7; cellulase [Cel] 7B), which is the main endoglucanase accounting for 5 to 10% of total cellulose, 2) endoglucanase II (GH e 5; Cel 5A), which is produced in similar amounts to endoglucanase I but has slightly less activity on substituted cellulose and β-glucans, 3) endoglucanase III (GH e 12; Cel 12A), which is a small enzyme that lacks a cellulose-binding module but can hydrolyze β-1,3-1,4 glucan, xyloglucan, and xylan, 4) endoglucanase IV, which was previously classified as GH e 61 family (Cel 61A) but is now placed in auxiliary activity family 9 (aa9) because it was discovered to represent a novel class of Cu-dependent polysaccharide monooxygenases and acts by an oxidation-reduction reaction rather than hydrolysis (Harris et al., 2010; Quinlan et al., 2011) and its expression is induced with the other cellulases, and 5) endoglucanase V (GH e 45; Cel 45A), which is not a strict endoglucanase but exhibits a little cellulolytic activity and readily hydrolyses glucomannan. The commercially relevant T. reesei endoglucanases are endoglucanase I/Cel 7B, endoglucanase II/Cel 5A, and endoglucanase III/Cel 12A (Paloheimo et al., 2011) .
Limited Understanding of the Modes of Exogenous Fibrolytic Enzyme Action and Secretion by Organisms.
Enzymes can facilitate feed use by increasing the rate and extent of preingestive, ruminal, and postruminal fiber hydrolysis, digestion, and degradation, by increasing the ruminal passage rate, by increasing ruminal microbial numbers and/or attachment, by stimulating ruminal microbes, and by decreasing digestive fluid viscosity (Morgavi et al., 2000; McAllister et al., 2001; Beauchemin et al., 2004b) . However, cellulose is the most challenging material to deconstruct within plant cell walls (Glass et al., 2013) . Therefore, numerous enzymes contribute to degra- Glass et al. (2013) . See online version for figure in color. GH = glycoside hydrolase family; CE = carbohydrate esterase; PMO = polysaccharide monooxygenase dation of cellulose. The main candidates in the classical scheme ( Fig. 2 ; Bhat and Hazlewood, 2001; Beauchemin et al., 2003; Glass et al., 2013) are as follows: endo-1, 4-β-glucanase (EC 3.2.1.4; GH e 5, 6, 7, 8, 9, 10, 12, 16, 18, 19, 26, 44, 45, 48, 51, 74, and 124) , which cleaves internal glycosidic bonds in the glucose chain. This enzyme is also known as carboxymethyl cellulase, β-1,4-glucan glucanohydrolase, and endoglucanase; exo-β-1, 4-glucanase, which is also known as exocellulase or cellobiohydrolase (CBH); it cleaves glycosidic linkages between glucose units at the reducing (exoglucanase 1; EC 3.2.1.176; GH e 7, 9, and 48; CBH 1/Cel 7) or nonreducing end (exoglucanase II, EC 3.2.1.91; GH e 5, 6, 7, and 9; CBH 1/Cel 6) of the cellulose chain to produce cellobiose mainly and cellulose oligomers with varying polymerization; and beta-glucosidase (EC 3.2.1.21; GH e 1, 3, 5, 9, 30, and 116), which hydrolyzes short chain cello-oligosaccharides and cellobiose from both reducing and nonreducing ends into monomeric glucose units. This enzyme is also known as cellulase β-1,4-cellobiosidase, β-glucosidase, or cellobiase.
Hemicellulose degradation is also very complex due to the different side chains and compounds linked to the hemicellulose backbone. The main activities involved in hydrolyzing the xylan backbone are shown in Fig. 2 . These include xylanase (EC 3.2.1.8), such as endoxylanases, which on xylan hydrolysis yields xylooligomers, and β-1,4-xylosidase (EC 3.2.1.37), which yields xylose (Bhat and Hazlewood, 2001; Beauchemin et al., 2004a) . Enzymes involved in degrading side chains of the xylan backbone include β-mannosidase (EC 3.2.1.25), α-Larabinofuranosidase (EC 3.2.1.55), α-D-glucuronidase (EC 3.2.1.139), α-D-galactosidase (EC 3.2.1.22), acetylxylan esterases (EC 3.1.1.72), and ferulic acid esterase (EC 3.1.1.73; White et al., 1993; Bhat and Hazlewood, 2001) .
These descriptions illustrate how multiple enzymes act to degrade cell walls but they do not characterize differences in the enzyme systems of different species. Ghose (1987) noted that there has been little elucidation of the comparative differences in the modes of action of the cellulase systems of various organisms, especially between eukaryotes and prokaryotes. Recent research addressing this issue shows that in T. reesei, CBH 1/Cel 7A and CBH 2/Cel 6A account for about 60 and 20%, respectively, of the total secreted protein under cellulose-inducing conditions (Glass et al., 2013) , whereas in Neurospora crassa, 65% of the secretome is made up of 4 proteins (CBH 1, GH e 6-2, GH e 5-1, and GH e 3-4; Phillips et al., 2011; Glass et al., 2013) . Glass et al. (2013) also noted that the number of genes encoding members of the GH e 61 family is quite variable among filamentous fungi and the levels of expression of GH e 61 genes do not simply correlate with the number present in the genome. They cited studies showing that N. crassa has a highly expanded polyoxide monooxygenase (GH e 61) family, which is important for cellulolysis by the organism, whereas this family is reduced in T. reesei and Aspergillus niger.
Differences also exist between fungal and bacterial enzymes with respect to the presence of an N-or C-terminal cellulose-binding module (CBm; formerly called cellulose-binding domain [CBD] ). Most fungal enzymes have a CBM, which exhibits binding affinity towards cellulose and enhances the association of the enzyme with insoluble substrates such as amorphous or crystalline cellulose but is not essential for hydrolysis of soluble substrates such as carboxymethyl cellulose (Tomme et al., 1995; Suurnäkki et al., 2000 , as cited by Paloheimo et al., 2011) . Despite the importance of the CBM for cellulose hydrolysis and the presence of CBM modules in the main enzymes of the secretomes of fungi such as T. reeseii and bacteria such as Bacillus spp., they are not present in the cellulase systems of some fungi and bacteria (Paloheimo et al., 2011) .
Another major difference in the cellulase systems of cellulolytic organisms is that unlike aerobic bacteria and fungi (Paloheimo et al., 2011) , certain anaerobic ruminal bacteria synthesize cellulosomes, which play a critical role in ruminal fiber digestion, but others do not. described the cellulosome as a discrete, extracellular, multicomponent, multi-enzyme complex found in anaerobic cellulolytic bacteria, which provides enhanced synergistic activity among the different resident enzymes to deconstruct efficiently the intractable cellulosic and hemicellulosic substrates of the plant cell wall. They illustrated the cellulosome of Ruminococcus flavefaciens (Fig. 3) and noted that scaffoldin, a pivotal, noncatalytic subunit, secures the various enzymatic subunits into the complex through an intermodular cohesiondockerin interaction. Although both R. flavefaciens and Fibrobacter succinogenes play a crucial role in ruminal cellulolysis, F. succinogenes lacks a cellulosome ; rather, it effects cellulolysis via a suite of proteins with currently unknown functions (Morrison et al., 2009 ). Cellulosomes have not found use in feed or industrial applications because of their complexity (Paloheimo et al., 2011) despite various efforts to understand better their role (Rincon et al., 2004; Kang et al., 2006; Bayer et al., 2008) .
The foregoing illustrates the complexity of ruminal cellulolysis and highlights differences in the cellulase systems and cellulases of different organisms. Likewise, xylanases differ with respect to glycolysation, proteolysis, and autoaggregation or aggregation with other polysaccharides (Paloheimo et al., 2011) .
Limited Understanding of the Factors Affecting Enzyme Activity. Some reviews (Beauchemin et al., , 2004a Adesogan, 2005) have described how enzyme activity is affected by enzyme factors such as the type, source, and activities, feed factors such as the specificity to EFE, the form, acidity or alkalinity, and water activity, management factors such as the EFE application rate, the timing of EFE application relative to feeding, the targeted dietary component and proportion of the diet to which the EFE is applied, and animal factors such as the performance level and lactation stage. In addition, ruminal EFE activity also is determined by the degree to which the enzyme survives ruminal degradation. Glycosylated EFE and those with a high proportion of disulfide cross-links are more likely to survive ruminal degradation than those that lack these attributes (Broderick et al., 1991; Morgavi et al., 2000) .
The following additional factors are general factors affecting enzyme activity but their effects on the activity of EFE involved in ruminal fiber degradation are understood inadequately.
Coenzymes and Complementary Synergistic Enzymes. Many authors have noted that EFE act by increasing the rate of degradation of feeds (Wang and McAllister 2002; Beauchemin et al., 2004b) reflecting their catalytic nature. Nevertheless, several studies have shown that EFE also increase the extent of digestion as evidenced by increases in vivo DM digestibility (DmD) and/or NDFD (Krueger et al., 2008; Arriola et al., 2011a; Romero et al., 2013c) . The latter may reflect the presence of coenzymes or complementary activities in the EFE that are absent, inhibited, or inactivated in the ruminal digestive tract. For instance, recent research has shown that polysaccharide monooxygenases can enhance the activity of cellulases (Glass et al., 2013) . In addition, GH e 4 and 109 use a hydrolytic mechanism that requires a nicotinamide adenine dinucleotide cofactor, which remains tightly bound throughout catalysis (Withers and Williams, 2013) .
Enzyme-Substrate Interaction. Enzyme-feed specificity is an important determinant of enzyme activity . This specificity is explained by the "lock and key mechanism" theory, which states that catalysis occurs when the structure of the substrate and enzyme active site are complementary. However, because this theory fails to account for stability of enzyme transitional states, the "induced fit theory" was proposed. It indicates that enzyme catalysis occurs when the configuration of the active site of the enzyme is modified to accommodate the substrate. Attachment of effectors to allosteric enzymes can modify the active site to repel or accommodate a substrate, thus facilitating or preventing catalysis. The role of enzyme effectors in the activity of EFE used in cattle diets has not been elucidated.
Enzyme Regulation and Enhancement. Apart from a few studies examining the optimal activity of EFE over a range of pH and temperatures, relatively little attention has been paid to understanding and exploiting the role of regulators that govern enzyme secretion and action. For instance, recent research shows that in T. reesei, signaling cascades mediating cellulolytic responses often act in a light-dependent manner (Glass et al., 2013) . Other studies have proposed that accessory proteins such as swollenins, which are similar to plant cell wall expansins, may disrupt cellulose via nonhydrolytic mechanisms and thereby enhance substrate accessibility by EFE, but their biochemical action is yet to be described fully (Jäger et al., 2011; Glass et al., 2013) . Additional potential regulators of EFE activity include cofactors, activators, and inhibitors such as other compounds or catalytic end products that inhibit further enzymatic hydrolysis. For instance, Quinlan et al. (2011) showed that Cu-metalloenzymes are needed for maximal activity of AA9 (formerly GH e 61) family polysaccharide monooxygenases, which are important cellulase-enhancing factors. We recently examined the effect of adding EFE with or without cofactors on preingestive hydrolysis of forage NDF and on NDFD (Romero et al., 2013a,b) . We searched the BRENDA enzyme database to find cofactors that had improved the activity of fibrolytic enzymes on pure substrates and tested the promising candidates (i.e., Mn 2+ , Co 2+ , Fe 2+ , Ca 2+ , and Mg 2+ ) by examining if adding them to 5 EFE substrate suspensions improved the hydrolytic effect of the EFE relative to using each EFE alone. Cell-wall saccharification (i.e., water-soluble carbohydrate release) was increased by adding all but 1 of the EFE alone. Cofactor addition to the EFE further increased saccharification by 3 to 38%, depending on the specific EFE-cofactor combination (Table 2) . Free ferulic acid concentration was increased by adding all but 1 EFE alone. Adding cofactors to the EFE resulted in a further increase of up to 13% or reduced or did not affect the response. A follow-up study examined the effect of adding different doses (i.e., 0, 0.1, 1, and 10 mM) of the most promising cofactors (i.e., Mn 2+ and Fe 2+ ) on EFEmediated increases in NDFD (Table 3) . Increasing the rate of Fe 2+ application without EFE 2A linearly decreased NDFD but had no effect in the presence of the EFE. In contrast, increasing the Mn 2+ dose with or without EFE 11C linearly increased (P < 0.01) NDFD. The greatest response occurred when 10 mM of Mn 2+ was applied with the EFE, which increased NDFD by an additional 8.2% beyond the 15.3% increase due to adding EFE 11C alone. Yet adding 10 mM of Mn 2+ alone only increased NDFD by 6.2%. The results indicate that certain EFE can be used to reduce metal toxicity problems in ruminants but others can act synergistically with specific cofactors to increase NDFD. More research is required to elucidate the roles of cofactors, coenzymes, activators, and inhibitors on the activity of EFE used in ruminant nutrition.
Limited Understanding of Cell-Wall Recalcitrance. Concerted synergistic and perhaps sequential interactions between multiple fibrolytic enzymes are necessary to optimize fiber digestion. Yet the few enzymes frequently assayed, usually cellulases and/or xylanases, cannot hydrolyze the recalcitrant hydrocinnamic acid-lignin linkages that are the main constraints to greater ruminal fiber deg- 1 EFE = exogenous fibrolytic enzymes.
2 COF = cofactor.
3 Linear contrast was significant (P < 0.01).
radation. The difunctional hydroxycinnamates (ferulic acid, p-coumaric acid, and sinapic acid) can form ester or ether bonds with lignin but only form ester bonds with polysaccharides (Ralph and Helm, 1993) . Ferulate cross-linkages formed between arabinoxylans and lignin via ester and ether linkages, respectively, dramatically reduce the extent of cell wall digestion (Jung and Deetz, 1993; Grabber et al., 1998a,b) and such cross-linkages have a marked influence on wall accessibility, extensibility, plasticity, digestibility, and adherence (Hatfield et al., 1999) . Ether linkages cannot be cleaved by ferulic acid esterase, commonly assayed EFE activities, or anaerobic organisms or their enzymes. Ferulic acid esterase can hydrolyze the ester linkages between ferulate monomers and arabinoxylan. Polysaccharide hydrolysis may be prevented in practice if ferulic acid esters of arabinoxylan interfere with digestion of the polysaccharides to which they are esterified by hindering the alignment of xylanase with its substrate (Gorbacheva and Rodionova, 1977; Mitsuishi et al., 1988) . Alternatively, the ferulate ester linkage may not be hydrolyzed if the lignin polymer is in such close proximity that ferulate esterase can no longer attach appropriately to its substrate and cleave the ferulate bridge (Jung and Allen, 1995) . Diferulates formed either via a photochemical process, which produces cyclodimers, and/or by radical mediated dimerization or coupling further inhibit cell wall digestion substantially. In fact, ferulate dimers in cell walls have been likened to the molecular equivalents of "spot-welding a steel mesh frame" (Iiyama et al., 1994, p. 315) . None of the commonly assayed activities in commercially available EFE, including cellulases, xylanases, proteases, or esterases, can hydrolyze these diferulate radical coupling linkages. Furthermore, concentrations of ferulate dimers have been underestimated in forages for decades because except for β-ether, linkages arising from radical coupling reactions cannot be released by common solvents used for ferulate quantification (Ralph et al., 1995) .
Lignin appears to act as a physical barrier to the microbial enzymes that degrade cell-wall polysaccharides (Jung and Deetz, 1993; Hatfield et al., 2007) . This effect is in addition to the chemical impedance to digestion posed by the indigestibility of lignin itself and its cross-links with phenolic acids. Rumen microbes cannot overcome this barrier to cell wall polysaccharide digestion because lignin cannot be degraded in the anaerobic rumen environment (Hatfield et al., 2007) . The critical role of lignin and diferulates in impeding cell wall hydrolysis is reflected by the fact that corn mutants with lower concentrations of these fractions such as brown-midrib and low-ferulate "sfe" corn mutants were more digestible and feeding them instead of conventional controls increased milk production by lactating dairy cows (Kung et al., 2008; Jung et al., 2011) .
iDEaL FiBRoLytiC EnZymE pREpaRationS
Ideal EFE for improving animal performance should have the following attributes: 1) contain the appropriate complement of potent fibrolytic activities for improving NDFD, 2) contain appropriate amounts of cofactors, coenzymes, and activators (where needed) to optimize the fibrolytic activities and lack inhibitors to such enzymes, 3) be resistant to degradation by ruminal microbes or to hydrolysis by plant or ruminal proteases, 4) have a robust composition that does not vary appreciably with the enzyme batch, 5) be sourced from a readily culturable fungus or bacteria that produces large quantities of the enzyme naturally or via genetic modification, 6) exhibit optimal and steady activity under conditions that prevail where it will exerts its hydrolytic effect, 7) be in liquid form or dissolve rapidly and completely in water, 8) be thermostable if it will be added during feed manufacturing, 9) maintain its hydrolytic activity when appropriately stored for long durations, and 10) be generally regarded as safe.
a StRatEGiC appRoaCH to uSinG FiBRoLytiC EnZymES to impRoVE animaL pERFoRmanCE
Much of the variability in the published responses to EFE addition to animal diets is attributable to directly testing enzymes in animals without or with inappropriate in vitro screening to prove the EFE. We recommend that EFE should not be tested in vivo without prior in vitro testing to confirm efficacy at increasing NDFD and to determine the optimal dose rates. The following enzyme screening strategy is advocated.
Enzyme Screening
Candidate EFE should be compared on an equal protein or main activity basis provided the costs are similar. Otherwise, they should be compared at manufacturerrecommended or previously effective rates. In vitro 24-or 30-h NDFD should be used as the criterion for selecting the most promising EFE candidates. Substrates should be preincubated with EFE for periods of up to 24 h before the in vitro NDFD assay to simulate the enzyme-substrate interaction that occurs when an enzyme is applied to the diet of ruminants. Each EFE should be characterized with classical enzyme activity and protein quantification assays to facilitate comparisons with other studies but the results should not be used to choose candidates for improving forage quality or animal performance. Pure substrates used for EFE activity assays should be as similar as possible to the forage under study. Enzyme preparations and commercial EFE labels should indicate at least each of the following activities to ensure proper description of the main activities: endo-1,4-β-glucanase (EC 3.2.1.4) , exo-β-1,4-glucanase (EC 3.2.1.91), β-glucosidase (EC 3.2.1.21), xylanase (EC 3.2.1.8), and β-1,4-xylosidase (EC 3.2.1.37). If possible, acetyl-xylan esterase (EC 3.1.1.72), ferulic acid esterase (EC 3.1.1.73), and protease activity should also be included. The GH e and EC number of each enzyme should also be stated. Each activity assay should be conducted under conditions that simulate the environment where the enzyme is expected to act, for example, at pH 6 and temperature of 39°C for lactating dairy cows fed a typical U.S. and Canadian TMR or pH 4 and the prevailing storage temperature for enzymes expected to work during ensiling.
Enzyme Dose Optimization
Enzyme dose optimization is needed to ensure efficient use of the enzyme, particularly due to the high cost of EFE. Insufficient and excessive enzyme dose rates can reduce forage digestion and animal performance. The steps involved are as follows: 1) use previously effective or manufacturer-recommended doses as the baseline (1x) and examine effects of different doses (0, 0.5x, 1x, 2x, and 3x) on NDFD, 2) use polynomial contrasts to determine the dose rate effect and use a mean separation test to choose the best one if trends are nonlinear, 3) choose should be the lowest dose that provides a response greater (P < 0.05) than lower doses but not less (P < 0.05) than greater doses, and 4) ensure the dose rate chosen is economically justifiable.
Animal Performance Experiment
Precede examination of EFE in cows with a statistical power analysis to confirm the minimum number of experimental units needed. Often 15 to 20 cows per treatment are needed Holtshausen et al., 2011) . Use a covariate period and adequate blocking (for DIM, parity, milk production, etc.) to minimize variability among experimental units. Use cows in early lactation (21 ± 5 DIM) at the beginning of the study because they are more responsive to EFE-mediated increases in energy supply (Schingoethe et al., 1999) . Apply the EFE to the TMR at the optimal dose for improving NDFD determined in vitro. Use a continuous design lasting for at least 60 d after a 10-d covariate period Romero, 2013) . Eun and Beauchemin (2007) examined the effects of various EFE applied alone or in combinations at different application rates on the in vitro NDFD of corn silage and alfalfa hay. They reported that a 75:25 mixture (EFE 3A in this study) of 2 EFE (Cellulase PLUS and Xylanase PLUS; Dyadic International, Jupiter FL) resulted in the greatest responses. We assumed that this study had adequately identified the optimal EFE combination and dose for improving the performance of dairy cows fed a corn silage-alfalfa hay-based TMR. Therefore, we applied a different batch of EFE 3A at the recommended dose of 3.4 μL/g in the latter trial to 2 corn silage-alfalfa-based TMR with forage to concentrate ratios of 67:33 and 52:48 in a 60-d lactating dairy cow (21 ± 4 DIM) study. The EFE increased NDFD by 1 to 2%, increased feed efficiency by about 11%, and increased milk production nonsignificantly by 2 kg/d . However, when the same EFE was applied to bermudagrass silage-based TMR without prior in vitro screening and dose optimization, lactational performance was unaffected (Queiroz et al., 2010; Bernard et al., 2010) . Consequently, a series of experiments were conducted to identify potent EFE that would reliably increase the NDFD of bermudagrass-based TMR.
iLLuStRationS oF tHE StRatEGiC appRoaCH
In Exp. 1, 18 EFE from 5 companies were evaluated for their effect on 24-h NDFD of a 4-wk regrowth of Tifton 85 bermudagrass haylage . The suspensions were incubated at 25°C for 24 h before addition of buffered rumen fluid (39°C) and further incubation for 24 h in 3 runs. Results from the 12 topperforming EFE across the runs are presented in Table 4 . Compared with the control, 8 EFE gave greater NDFD (35.6 vs. 37.1 to 40.4%) with increases ranging from 4.2 to 13.5%. Enzymes 3A, 2A, 11C, 13D, and 15D were the most promising candidates for further testing based on the magnitude and consistency of NDFD increase.
In Exp. 2, the effect of increasing the dose rate of the 5 most promising enzymes was tested. Increasing the application rate resulted in nonlinear increases in NDFD by all enzymes (Table 5) . Effects of increasing the application rate on preingestive hydrolysis measures, in vitro DMD, and ruminal fermentation parameters were also examined to elucidate the mode of action, but the choice of the ideal application rate was based on NDFD. The optimal dose of specific enzymes for improving NDFD (and DMD in most cases) were 2x, 2x, 1x, 0.5x and 0.5x for enzymes 3A, 2A, 11C, 13D, and 15D, respectively. Applying 11C at 1x gave the greatest overall improvement in NDFD (+16.2% over the control) but it was not available for a dairy cow study, and hence the next best EFE (2A) was chosen for the dairy cow study.
Experiment 3 examined the effects of adding cofactors to the 5 most promising enzymes at the optimal application rates defined in previous experiments. The results were summarized previously in this paper (Tables 2 and 3) .
Experiment 4 compared the most promising EFE identified in the previous experiments (2A) to a differ-ent batch of that (EFE 3A) which had improved feed efficiency in our previous dairy cow study . Both EFE were applied at 0, 0.5, 1, 4, and 8 μL/g DM to bermudagrass silage, alfalfa hay, and corn silage to determine the dose rates that would optimize 24-h in vitro NDFD. Both EFE increased NDFD of each forage in a dose-dependent manner but the optimal application rates differed with the forage (Fig. 4) . The 2A EFE produced greater NDFD increases (6.7 to 9.2%) than 3A (3.8 to 9.0%) and NDFD increases were greater in corn silage (9 to 9.2%) than the similar increases (4 to 7%) in alfalfa hay and bermudagrass silage. Because corn silage would account for most of the forage in the TMR that we intended to feed to cows, we used the application rates that optimized corn silage digestion for the dairy trial.
Experiment 5 involved examining the effects of EFE 3A and 2A applied at 3.4 and 1 μL/g DM, respectively, to a corn silage, alfalfa, and bermudagrass-based TMR fed to 66 dairy cows in early lactation (21 ± 5 DIM). The optimal dose rate of 2A in the previous trial was 4 μL/g, but it was considered too expensive to use; hence, the next best dose (1 μL/g) was used. The dose used for EFE 3A was the optimal dose discovered (4 μL/g) in Exp. 4 and it was similar to that used (3.4 μL/g) in our previous study . Applying both EFE tended to increase fat-corrected milk yield but only 2A increased DMI. Milk production was increased by 2A and 3A during wk 3, 6, and 7 and during wk 6, 8, and 9, respectively, of a 10-wk trial (Table 6 ). These results validate the strategic approach to enzyme testing recom- 1 Quadratic (QU) and cubic (CU) effect (P < 0.05). NS = nonsignificant. *P < 0.05; **P < 0.01. Table 4 . Effects of various exogenous fibrolytic enzymes (EFE) on in vitro DM and NDF digestibility (NDFD) and concentrations of organic acids in bermudagrass haylage (Romero et al., 2011a) **Differed from control (P < 0.01). 1 Grams EFE/kilogram of DM; dose rates were specified by the enzyme manufacturer or previously effective at improving fiber digestion.
mended and indicate that provided in vitro screening and dose optimization studies use NDFD as the criterion for choosing the best enzymes, they can reliably predict ideal EFE candidates and optimal doses for improving the performance of dairy cows. Experiment 6 sought to understand the reasons why some EFE were better than others. A proteomics study was conducted to compare EFE 2A to 9C, the latter being among the least effective of the 18 EFE screened in Exp. 1 (Table 4) . We used isobaric tags for relative and absolute quantification (iTRAQ)-based quantitative proteomics combined with bioinformatics to understand the functional basis of the proteomic information. The 2A EFE had 7.69 times more endoglucanase IV with a CBM, 10 times more endoglucanase III, and 3 times more swollenin compared with 9C (Table 7) . Furthermore, 2A had 17 times more acetylxylan esterase with CBM 1, 33 times more xylanase, and 25 times more β-xylosidase compared with 9C, indicating it had a much more complete and potent array of cellulose-and hemicellulosedegrading enzymes. The only advantages 9C had over 2A were that it had 28 times more rhamnogalacturonan acetylesterase and 20 times more β-galactosidase, which degrade pectin and xyloglucans, respectively. Evidently, these activities were not crucial to degradation of the cell walls, partly because pectin is readily digestible in the rumen and it occurrs in low concentrations in bermudagrass, as in most nonleguminous forages. T. reesei 0.04 0.37 1 Data acquired using isobaric tags for relative and absolute quantification with liquid chromatography-mass spectroscopy analysis. Protein fold changes reported were less (P < 0.05) than 0.8 or greater (P < 0.05) than 1.2.
2 EC = Enzyme Commission; CBM, cellulose-binding module. Arriola et al. (2011a,b) . 
SummaRy anD ConCLuSionS
This paper summarized the results of a meta-analysis of the effects of dietary addition of EFE on the performance of dairy cows. It also explained why published performance responses to dietary enzyme addition are equivocal, proposed a strategic approach to improving enzyme efficacy, and illustrated how the latter has been used to screen and optimize the dose of EFE that subsequently improved the performance of lactating dairy cows. Finally, we recommended criteria for ideal EFE and reported on use of a proteomic approach to elucidate differences between effective and ineffective EFE.
Due to their complexity, multiple synergistic fibrolytic enzymes are needed to degrade effectively cellulose and hemicellulose. Cross-linkages between lignin, phenolic acids, and fiber fractions in the plant cell wall further complicate and reduce forage fiber degradation. Despite the advantages of sourcing EFE from T. reesei, this fungus and many of the fibrolytic enzymes in its secretome do not exhibit optimal activity under ruminal conditions. Hence, alternatives are needed.
We have little understanding about how to exploit the myriad of factors regulating EFE activity in ways that enhance their role in enhancing fiber degradation and animal performance. Exogenous fibrolytic enzymes should not be tested in animals without prior in vitro screening and dose optimization with in vitro NDFD as the selection criterion. Future research should seek novel EFE or engineer existing candidates to be robust and repeatedly effective at increasing NDFD under ruminal conditions. In addition, research should use traditional and molecular tools to unravel factors determining adhesion and secretion of glycosyl hydrolases from autochthonous ruminal microbes and aerobic fibrolytic bacteria and fungi. Additionally, research is needed to devise strategies to exploit factors regulating fibrolytic enzyme catalysis in ways that maximize beneficial effects of dietary treatment with EFE on the performance of cows.
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